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Abstract
We study meson thermalization in a strongly coupled plasma of quarks and
gluons using AdS/CFT duality technique. Four dimensional large-Nc QCD is
considered as a theory governing this quark-gluon plasma (QGP) and D4/D6-
brane model is chosen to be its holographic dual theory. In order to investi-
gate meson thermalization, we consider a time-dependent change of baryon
number chemical potential. Thermalization in gauge theory side corresponds
to horizon formation on the probe flavor brane in the gravity side. The grav-
itational dual theory is compactified on a circle that the inverse of its radius
is proportional to energy scale of dual gauge theory. It is seen that increase
of this energy scale results in thermalization time dilation. In addition we
study the effect of magnetic field on meson thermalization. It will be seen
that magnetic field also prolongs thermalization process by making mesons
more stable.
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1 Introduction
Quak-gluon plasma (QGP) produced in heavy ion collisions in RHIC and
LHC is believed to be a strongly coupled plasma [1,2]. Since QGP is totally
out of equilibrium immediately after collision, it is difficult to study it. After
a very short time (τ ≤ 1fm/c) the hydrodynamic regime governs the plasma
which shows a local equilibrium [3, 4]. This very fast process is called rapid
thermalization. Perturbative methods are not suitable to study such a system
due to being strongly coupled. Among non-perturbative methods AdS/CFT
correspondence has been recently successful to describe rapid thermalization.
AdS/CFT correspondence or gauge/gravity duality is generally a duality
between a strongly coupled field theory and a classical gravitational theory
[5–8]. In its original form, AdS5/CFT4 duality introduces a correspondence
between a four dimensional super conformal Yang-Mills theory with the gauge
group of SU(Nc) and type IIB superstring theory in AdS5×S5 geometry. This
duality is more useful in the limit of large-Nc and large t’Hooft coupling λ.
In this limit a classical type IIb supergravity theory in AdS5×S5 geometry
will be dual to a strongly coupled super Yang-Mills (SYM) theory that one
can not deal with it perturbatively. There are several generalizations to this
original correspondence. For instance if one is interested in thermal SYM
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theory the dual theory is a supergravity in AdS-Schwarzschild black hole
background [9]. In this case the temperature of SYM theory is Hawking
temperature of the black hole. Also we can add matter fields to the set up
as another generalization [10]. In the original form of AdS/CFT duality only
gauge fields are present in SYM theory and in order to add matter fields
(quarks) in the fundamental representation one should add probe flavor D-
branes to the gravity side. In AdS5/CFT4 case that D3-branes form AdS5×S5
geometry, the probe limit means that the number of flavor D7-branes should
be much less than the number of D3-branes. In this set up open strings
stretching between D3 and D7-branes represent quarks in SYM theory while
open strings with both ends on D7-branes are considered as meson degrees
of freedom.
There is another model for the gravity dual theory of a four dimensional
pure SU(Nc) Yang-Mills theory proposed by Witten [9]. In this model the
background geometry is made of D4-branes compactified on a circle of ra-
dius M−1kk [11]. D4-brane theory before compactification is a supersymmetric
SU(Nc) gauge theory whose fields are fermions, scalars and gauge fields in the
adjoint representation of SU(Nc). The theory is effectively four dimensional
at energies much less than compactification scale Mkk. Also non-periodic
conditions are applied to fermions to break all supersymmetries. Therefore
this theory is very similar to low-energy QCD of course if we add fundamental
quarks in addition to gluons by introducing probe D6-branes.
In the gauge theory side of this set up there is a supersymmetric five
dimensional SU(Nc) theory coupled to a four dimensional defect. Now if we
compactify the 4-direction with the period 2pi/Mkk and apply non-periodic
conditions to D4-brane theory fermions, all supersymmetries are broken and
an effective four dimensional theory remains at low energies E  Mkk. In
this limit scalars and fermions in the adjoint representation become massive
and decouple. So in low energy we are left with our desirable theory that is
a four dimensional SU(Nc) gauge theory with a energy scale and coupled to
fundamental quarks. In this paper we are going to study rapid thermaliza-
tion in such a large-Nc QCD that its holographic dual is a D4/D6 system.
Note that in [12] the effect of confinment on thermalization of holographic
gauge theories is studied. But the dual gravitational theory differs from what
we consider here and belongs to a class of Einstein-dilaton theories. They
have also introduced a different procedure for throwing the system out of
equilibrium. They perturb the system by specifying time dependent bound-
ary conditions on the scalar and solve the fully backreacted Einstein-dilaton
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equation of motion.
Thermalization process is generally defined as a non-adiabatic increase in
temperature which drives the system out of equilibrium and becomes possible
by energy injection. In gauge/gravity duality framework energy injection to
gauge theory is done by turning on a time dependent source which is dual to
horizon formation in bulk [13–15]. This class of thermalization is called gluon
sector thermalization which corresponds to black hole formation in the bulk.
Meson sector thermalization is another class of thermalization that is mani-
fested in horizon formation on the probe D-brane [16–19]. We are interested
in meson sector thermalization in this paper and we follow the idea of [16] for
the required energy injection. The main idea is considering a sudden change
in baryon-number chemical potential to provide the condition of heavy ion
collisions. The gravity dual to this change of baryon chemical potential is
throwing open strings into bulk from the boundary. Since the end point of
open string is a source for gauge field, the process of throwing open strings
provides a time dependent gauge field configuration that leads to a time de-
pendent metric for mesons. Therefore apparent horizon formation becomes
possible on the flavor D-brane which corresponds to meson thermalization in
the dual strongly coupled field theory. Thermalization of meson degrees of
freedom means their transformation to quark and gluon degrees of freedom
in thermal equilibrium [16]. Time scale of thermalization is identified with
the time of apparent horizon formation from the boundary observer point of
view.
Produced QGP in heavy ion collision is affected by a large magnetic
field [20] and so there are several studies of different aspects and examples of
this effect [21–24]. It seems that megnetic field can be potentially important
in thermalization in QGP because thermalization occurs at early stages of
heavy ion collision where the magnetic field is strong. This investigation has
been the subject of some studies based on AdS/CFT duality [25–27]. Here
we aim to study thermalization in a large-Nc QCD by utilizing a D4/D6 grav-
ity model and observe how the scale of the theory and magnetic field affect
this process. Note that present work differs from aforementioned studies by
the considered gravity dual theory, D4/D6 model, and/or the method of en-
ergy injection, sudden change of baryon number chemical potential. We will
show that the scale in our theory and the magnetic field both prolong me-
son thermalization process. This result is justified by meson binding energy
considerations.
This paper is organized as follows. In section 2 we first give a brief
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review of D4/D6 model in AdS/CFT duality framework. Then we show
how the scale of the theory, ukk, modifies shape of the flavor D6-brane. We
continue by turning on an external magnetic field and observe its effect on
D6-brane configuration, too. The procedure of meson sector thermalization
in D4/D6 system is addressed in section 3. We explain the mechanism of
baryon injection and show how it can lead to thermalization which is dual
to apparent horizon formation on the probe D6-brane. Sections 4 and 5 are
devoted to numerical results and summary of the work, respectively.
2 D4/D6 Model in the Presence of External
Magnetic Field
In this section we first give a brief review of D4/D6 model as a confining
model for AdS/CFT duality [11]. Then we turn on the magnetic field and
study its effect on the shape of the flavor D6-brane.
2.1 Review of the D4/D6 Model
The near horizon limit of a configuration of Nc D4-branes wrapping a circle
in the τ direction with anti-periodic boundary conditions for fermions is dual
to type IIa supergravity and is given by the following background
ds2 =
( u
R
)3/2
(ηµνdx
µdxν + f(u)dτ 2) +
(
R
u
)3/2
du2
f(u)
+R3/2u1/2ds2S4 , (2.1)
eφ = gs
( u
R
)3/4
, f(u) = 1− u
3
kk
u3
. (2.2)
The coordinates xµ = x0, ..., x3 are four non-compact directions along the
D4-brane while τ shows the direction of the branes’ compactification. ds2S4
is the SO(5)-invariant line element and u is a radial coordinate in the 56789-
directions transverse to the D4-branes. The radial coordinate u is known to
be bounded from below by the condition u ≥ ukk. The periodicity of τ is
given by
δτ =
4pi
3
R3/2
u
1/2
kk
, (2.3)
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to avoid a conical singularity at u = ukk. In a general Dp-brane background,
the parameter R in (2.1) is defined in terms of Nc, number of Dp-branes, gs,
string coupling constant, and ls, string length,
R7−p = (4pi)
5−p
2 Γ(
7− p
2
)gsNcl
7−p
s , (2.4)
where for p = 4 reduces to
R3 = pigsNcl
3
s . (2.5)
The dual SU(Nc) field theory is defined by the compactification scale,
Mkk, below which the theory is effectively four-dimensional with the coupling
constant gYM. These are related to the string theory parameters by
Mkk =
3
2
u
1/2
kk
R3/2
=
3
2
√
pi
u
1/2
kk
(gsNc)1/2l
3/2
s
, g2YM = 3
√
pi
(
gsukk
Ncls
)1/2
. (2.6)
The string tension T , the Regge slope α′ and ls are related by T = 12piα′ =
1
2pil2s
. We are interested in a background in which one can study the dual
field theory using only classical supergravity. For this reason we require that
the curvature is everywhere small compared to the string tension. So the
maximum curvature that occurs at u = ukk and is proportional to (ukkR
3)−1/2
has to satisfy (ukkR
3)−1/2  l−2s . Therefore using λ = g2YMNc as well as (2.5)
and (2.6) we obtain the following condition
u
1/2
kk R
3/2
l2s
≈ λ 1. (2.7)
So demanding small curvatures gives rise to large t’Hooft coupling condition
in the effective four dimensional dual gauge theory as is essential in AdS/CFT
correspondence [5]. We are also interested in small local string coupling,
gs, [11] that along with (2.7) leads to the following condition
g4YM 
1
g2YMNc
 1. (2.8)
One of the most famous holographic QCD models is the D4/D6 model
[11]. The model contains Nc number of D4-branes and Nf flavor D6-branes
whose configuration is given according to Table 1.
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Boundary S1 radius of S2 S2 D6⊥
0 1 2 3 τ ρ ψ1 ψ2 σ Φ
D4 • • • • •
D6 • • • • • • •
Table 1: D6-brane configuraion in the background of D4-branes
S4 sphere in (2.1) is divided into two parts, spherical coordinates ρ and
Ω2 ≡ (ψ1, ψ2) and polar coordinates σ and Φ which are perpendicular to
D6-brane. By defining a new radial coordinate r2 = ρ2 + σ2 related to u by
u(r) = r
(
1 +
u3kk
4r3
)2/3
and a new function K(r) = R
3/2u1/2
r2
, D4-brane metric
(2.1) is simply written in the form
ds2 =
( u
R
)3/2 (
ηµνdx
µdxν + f(u)dτ 2
)
+K(r)
(
dρ2 + ρ2dΩ22 + dσ
2 + σ2dΦ2
)
.(2.9)
As it is obvious from Table 1, worldvolume coordinates of D6-brane are xµ, ρ
and Ω2. D6-brane position in 89-plane is determined by σ = σ(ρ), Φ = Φ0
and τ = constant. Therefore the induced metric on D6-brane, gab, with the
above ansatz can be written as
ds2(g) =
( u
R
)3/2
ηµνdx
µdxν +K(r)
[
(1 + σ˙2)dρ2 + ρ2dΩ22
]
(2.10)
where σ˙ = ∂ρσ.
2.2 External Magnetic Field
In this subsection we are interested in studying the shape of D6-brane includ-
ing the effect of ukk and external magnetic field, B. To do this one should
start from the DBI action of D6-brane
SDBI = −T6
∫
d7ξ
√
− det(gab + 2piα′Fab), (2.11)
where T6 = 2pigs(2pils)7 is the D6-brane tension and ξ’s are its worldvolume
coordinates (i.e. ξ ≡ (x0, x1, x2, x3, ρ, ψ1, ψ2) according to Table 1). We
consider the magnetic field as B ≡ Fx1x2 and rewrite the action (2.11) as
SD6 = −T6
∫
d7ξ ρ2
√
1 + σ˙2
√
1 + (2piα′B)2(R/u)3
(
1 +
u3kk
4r3
)2
. (2.12)
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We need to solve the equation of motion for σ(ρ) to study the shape of the
D6-brane. When ρ→∞ this equation of motion finds the simple form of
∂ρ(ρ
2σ˙) ≈ −3
2
u3kk
σ
ρ3
− 3(2piα
′B)2R3
ρ3
σ, (2.13)
which is in agreement with [11] when B is set to zero. We solve the full
equation of motion for σ(ρ) numerically, with the regularity condition of σ(ρ)
at ρ = 0, (i.e. σ˙(ρ)|ρ=0 = 0) to get Fig. 1 for zero (left) and non-zero (right)
magnetic field. If ukk = 0 then σ(ρ) = 0 is a solution which is physically
sensible since it is a supersymmetric case. But note that this is only a formal
argument because in the limit ukk → 0 the curvature at u = ukk diverges and
the supergravity description is unreliable [28]. When ukk 6= 0 the force on
the D6-brane does not vanish anymore and the repulsion by the D4-branes
causes the D6-brane to bend outward, Fig. 1 (left). The semicircle in this
figure is the region that u < ukk and is not part of the space.
For large ρ the σ(ρ) expansion is given by
σ(ρ) ' σ∞ + c
ρ
, (2.14)
where according to AdS/CFT dictionary, σ∞ (the value of σ(ρ) at infinity)
and c correspond to bare quark mass (mq) and chiral condensate (〈ψ¯ψ〉)
respectively [11,29]
mq =
ukk σ∞
2pil2s
, 〈ψ¯ψ〉 ' g2YMN2CM3kkc. (2.15)
For each value of σ∞ there are two regular solutions which have c’s of opposite
sign. Such solutions are shown in Fig. 1 (left) as dotted curves. They have
the same value of σ∞ (equivalent to quark mass) but the one with positive
σ(0) has lower energy and is preferable. The dashed curve implies that by
increasing ukk there is a sever bending of D6-brane that results in negative
mass and makes the system unphysical. When we put u(r) = ukk, a circle
equation
√
ρ2 + σ(ρ)2 = 2−2/3ukk is obtained that is plotted in Fig. 1 and
the interior of this circle is not part of the space.
In the right plot of Fig. 1 the effect of the magnetic field on the shape of
the probe D6-brane is demonstrated. As we expect [30], the magnetic field
also causes the brane to bend. It is seen that for a fixed value of B as one
increases ukk the quark mass (σ∞) decreases, dashed curves in Fig. 1 (right).
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In addition by increasing B for a constant value of ukk the quark mass will
decrease too, solid curves in Fig. 1 (right). For each value of ukk the magnetic
field cannot exceed a specific value because the mass will become negative
then and the system is not physical.
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Figure 1: D6-brane embedding for several values of ukk (left) and B (right). The
circle in the center is the region u < ukk and is not part of the space.
3 Meson Thermalization in D4/D6 System
As was previously mentioned adding probe D6-branes into the background
made by D4-branes introduces quarks to the dual gauge theory. The fluctu-
ations of various (scalar or vector) fields living on the D6-brane correspond
to different kinds (scalar or vector) of mesons. In this section we derive the
action governing these fluctuations from DBI action of D6-brane. To study
meson thermalization we will investigate the formation of apparent horizon
on the D6-brane where fluctuations (mesons) live. In order to have ther-
malization one needs to inject energy into the system. For energy injection
we follow the procedure of [16] in which the necessary energy is provided by
baryon injection.
The distance between D6 and D4-branes at ρ → ∞, (σ∞), shows the
quark mass according to (2.14). Note that in this paper we put this mass
equal to zero for simplicity.
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3.1 Baryon Injection
In the context of gauge/gravity duality baryon injection into the strongly
coupled gauge theory is done by throwing baryonically charged open strings
from the boundary onto the flavor brane. In this framework the baryon
chemical potential, µ, is given by the time component of the gauge field
µ =
∫ ∞
0
dρ ∂ρAt(ρ). (3.1)
This time dependent chemical potential becomes possible by introducing a
source term to DBI action as
Scurrent =
∫
dq+1ξ
√−gAaJa, (3.2)
where Ja’s are time dependent currents. In the case of D6-brane this action
will be
δS = T6 V3 V (Ω2)
∫
dt dρ (Atj
t + Aρj
ρ), (3.3)
where ρ2u15/4r−3R−3/4
√
1 + σ˙2 Ja = T6 ja. Since we have chosen massless
quarks we use lightcone coordinates for convenience,
x+ = t+ z = t−
∫
dρ
√
K(r)(R/u)3/2(1 + σ˙2),
x− = t− z = t+
∫
dρ
√
K(r)(R/u)3/2(1 + σ˙2).
(3.4)
Current conservation condition, ∇aJa = 0, relates the currents jt and jρ and
we demand these currents to be functions of x−(= t− z) and define them as
derivative of an arbitrary function g(x−)
jρ = − [K(r)(R/u)3/2(1 + σ˙2)]−1/2 jt = ∂−g(x−). (3.5)
Making use of (3.5) in the quark number n˜ relation n˜ =
∫
d6ξ
√−gJ t, we can
determine the function g(x−)
g(x−) ∼ 1
vol(S2)
(2pi)(2piα′)3λnB(x−), (3.6)
where nB(x
−) = n˜
Vol(S3)
is baryon number density.
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Planning to have a time dependent chemical potential means that we
should turn on Ftρ component of the time dependent gauge field in DBI action
(2.11) and add the source term (3.3) to this action, too. The Lagrangian
density in the presence of the magnetic field B is
LB = ρ
2u1/4
gsr2R3/4
{
R3/2u5/2[(2piα′B)2R3 + u3](1 + σ˙2)
r2
−(2piα′Ftρ)2(R3/2u7/2 + (2piα′B)2R9/2u)
}1/2
.
(3.7)
Now we add the source term (3.3) to (3.7) to find the following DBI action
SDBI = −T6 V3 V (Ω2)
∫
dt dρ[LB − (Atjt + Aρjρ)]. (3.8)
Equation of motion for the gauge field components At and Aρ gives following
relation for the field strength Ftρ which will be needed in the next subsection,
(2piα′)Ftρ =
g(x−)(1 + u
3
kk
4r3
)2/3
√
1 + σ˙2√
g2(x−) + (2piα′)2ρ4(1 + u
3
kk
4r3
)8/3[1 + ((R
u
)3(2piα′B)2)]
. (3.9)
(3.9) implies that in order to specify Ftρ one needs to determine g(x
−). We
pursue the procedure of [16] and so our baryon injection model is according
to the profile
g(x−) =

0 x− < 0
gmωx
− 0 < x− < 1/ω
gm 1/ω < x
−
. (3.10)
This choice for g(x−) means that we start with zero baryon density nB = 0
and then increase it linearly in time for the interval 0 < t < 1/ω. It reaches
its maximum value gm at t = 1/ω and then it is kept constant. Note that gm
in (3.10) is given by (3.6) provided that we replace nB(x
−) with its constant
maximum value nB.
3.2 Fluctuations and Apparent Horizon on the Probe
D6-brane
In the previous subsection we added a time dependent source to DBI action
to have a time dependent baryon chemical potential. It finally led to a re-
lation for Ftρ, (3.9), which depends on time. Presence of a time dependent
11
source on the probe D6-brane modifies the induced metric. In fact the fluc-
tuations living on the flavor D6-brane which are gravity dual of mesons feel
an effective metric and appearance of a horizon for this metric corresponds
to thermalization of mesons.
Since we are interested in qualitative behavior of meson thermalization
in D4/D6 model and according to [16] scalar and vector mesons have similar
thermalization time scales, we study scalar fluctuations in this paper.
Suppose G and g as the background and induced metrics respectively and
decompose the induced metric as
gab = GMN∂aX
M∂bX
N ≡ Gab +GIJ∂axI∂bxJ , (3.11)
where a, b and I, J indices are respectively used for parallel coordinates with
and transverse coordinates to the worldvolume of D6-brane. Our goal is
finding an effective metric felt by the scalar fluctuations, so we divide xI into
two parts as
xI(ξa) = σ(ρ) + χ(ξa),
where σ(ρ) shows the shape of the D6-brane and is a function of just ρ while
χ exhibits the small fluctuations that can be functions of all worldvolume
coordinates ξa. To find the action governing dynamics of mesons in the
presence of external fields, we expand the D6-brane action (2.11) about the
classical solution σ(ρ) for small fluctuations χ,
SDBI = S0 + Sfluc =
S0 − T6
2
∫
d7ξ
√
γ
(
γabMba + γ
abNba − 1
2
γabMbcγ
cdMda +
1
4
(γabMba)
2 + ...
)
,
(3.12)
where γ, M and N are defined as
γab = Gab +Gσσ∂aσ∂bσ + (2piα
′)Fab,
Mab = χ∂σGab +Gσσ∂aσ∂bχ+Gσσ∂aχ∂bσ + χ∂σGσσ∂aσ∂bσ,
Nab =
1
2
χ2∂2σGab +Gσσ∂aχ∂bχ+ χ∂σGσσ∂aσ∂bχ+ χ∂σGσσ∂aχ∂bσ +
1
2
χ2∂2σGσσ∂aσ∂bσ.
(3.13)
To calculate the apparent horizon, only the kinetic term of the fluctua-
tions χ in the action (3.12) plays role which is given by
Sfluc,k =
−T6
2
∫
d7ξ
√
γ Gσσ
[
Sab(1−Gσσσ˙2Sρρ)− σ˙2Gσσθaρθbρ
]
∂aχ∂bχ,(3.14)
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where S and θ are the symmetric and antisymmetric parts of γ, respectively.
Replacing Gσσ and
Sρρ =
r2 (u/R)3/2
u2(1 + σ˙2)− (2piα′Ftρ)2r2 ,
in (3.14), Sfluc,k can be written as
Sfluc,k = −T6
2
∫
d7ξ A Gσσ
√
gˆgˆab∂aχ∂bχ, (3.15)
where A =
√
γ
gˆ
and gˆ is an effective metric with components
gˆab =
(u/r)2 − (2piα′)2F 2tρ
(u/r)2(1 + σ˙2)− (2piα′)2F 2tρ
Sab − σ˙2Gσσθaρθbρ. (3.16)
To read apparent horizon we need the action to be written in the form
S˜fluc,k = −
∫
d7ξ
1
2
√
s˜ s˜ab∂aχ∂bχ. (3.17)
Considering s˜ab = cgˆab and comparing (3.15) and (3.17) leads to
c = T −2/56 A−2/5G−2/5σσ .
Therefore the new effective metric s˜ can be obtained from gˆ. The open string
metric components s˜ab resulting from (3.16) in the presence of the magnetic
field are
s˜tt =− T 2/56 R−3/2u7/10r−4/5(u3/R3 + (2piα′)2B2)−1/5(u2 − (2piα′)2F 2tρr2)6/5
(u2(1 + σ˙2)− (2piα′)2F 2tρr2)−2/5,
s˜ρρ =T 2/56 R3/2u−3/10r−14/5(u3/R3 + (2piα′)2B2)−1/5(u2 − (2piα′)2F 2tρr2)1/5
(u2(1 + σ˙2)− (2piα′)2F 2tρr2)3/5,
s˜11 =s˜22 = T 2/56 R3/2u−3/10r−4/5(u3/R3 + (2piα′)2B2)4/5(u2 − (2piα′)2F 2tρr2)1/5,
(u2(1 + σ˙2)− (2piα′)2F 2tρr2)−2/5,
s˜33 =T 2/56 R−3/2u27/10r−4/5(u3/R3 + (2piα′)2B2)−1/5(u2 − (2piα′)2F 2tρr2)1/5
(u2(1 + σ˙2)− (2piα′)2F 2tρr2)−2/5,
s˜αβ =− T 2/56 R3/2u17/10r−14/5ρ2(u3/R3 + (2piα′)2B2)−1/5(u2 − (2piα′)2F 2tρr2)1/5
(u2(1 + σ˙2)− (2piα′)2F 2tρr2)−2/5,
(3.18)
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where α and β stand for angular coordinates of S2 sphere, ψ1 and ψ2, in
Table 1.
Given this effective metric we will now determine the apparent horizon.
During blackhole formation one can calculate where, at each instant, the
last outgoing photon will be sent and reach null infinity. This surface will
mark the outermost trapped surface or the apparent horizon. Finding a
condition for apparent horizon formation is possible by tracking worldline
of an outgoing photon. A bunch of outgoing photons will be trapped if
their proper area (V ) does not grow in time, dV/dτ = 0 [31]. Therefore
we determine the apparent horizon by demanding that area variation of the
surface
Vsurface =
∫
d3xd2ϕ
(
3∏
i=1
s˜ii
2∏
α=1
s˜αα
)1/2
, (3.19)
vanishes along the null rays normal to the surface. This is a surface in a given
(t, z) at an arbitrary point. xis (i = 1, 2, 3) are gauge theory directions and
ϕαs (α = 1, 2) are the angular variables of S2 sphere transverse to D6-brane.
The apparent horizon, if forms, has to satisfy
dVsurface|dt=−dz = 0, (3.20)
that shows a surface whose area is constant along a null ray. Since the
corresponding relation to Vsurface is too long we do not write it here and deal
with (3.20) numerically.
A null vector (va, vb) satisfies the condition Gabv
avb = 0 [32]. For (vt, vρ)
in the (t, ρ) slice the condition of null vector for open string metric (3.18)
reduces to
s˜ttv
t2 + s˜ρρv
ρ2 = 0,
and results in the following ratio
vt
vρ
= R3/2u−1/2r−1
√
u2(1 + σ˙2)− (2piα′)2F 2tρr2
u2 − (2piα′)2F 2tρr2
. (3.21)
So the apparent horizon formation condition (3.20) becomes
dVsurface = (v
ρ∂ρ + v
t∂t)Vsurface = 0 (3.22)
Therefore substituting (3.10) in (3.9) the s˜ components are determined.
Then we put them in (3.19) to find the surface area Vsurface and solve (3.22)
numerically to figure out the apparent horizon.
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4 Numerical Results
In this section we are going to study meson thermalization by apparent hori-
zon formation on D6-brane, numerically. Supergravity parameters gs, Nc,
ukk and R are related to SU(Nc) theory parameters Mkk and gYM according
to (2.6). As (2.7) implies t’Hooft coupling λ in this theory is not a fixed
parameter anymore and depends on ukk, λ ≈ u
1/2
kk R
3/2
l2s
. In addition as was
previously mentioned the curvature of space is proportional to u
−1/2
kk and so
we are not allowed to choose very small values for ukk since it causes very
large curvatures. Considering all of these, in this paper we choose R = 1 and
let ukk admit values from 10 to 100 that results in the curvature of order 0.1
and λ ∼ O(10). This order for λ is usually used in gauge/gravity duality
literature. For numerical study of baryon injection we consider the number
of baryons nB as twice the standard nuclear density nN times the Lorentz
factor γ, nB ∼ 2γnN and for RHIC data gives nB ∼ 34 [16]. Finally we set
ω = 1 in (3.10) for numerical computations.
4.1 Apparent Horizon Formation
First we study thermalization for the case ukk = 0 to have a qualitative
comparison with [16], however as we mentioned earlier it is just a formal
discussion. When we choose g(x−) = gmωx− from (3.10) and solve (3.22),
the blue curve in Fig. 2 (left) is obtained. The red line shows t = z + 1/ω
which is plotted to determine the valid region for blue curve, t < z+ 1/ω. It
means that we are interested in that part of blue curve which lies under the
red line. The point A at (tA, zA) in Fig. 2 (left) gives the earliest delivery of
the apparent horizon formation, because the black line in this figure shows
the outgoing null ray toward the boundary. So the thermalization time seen
by the boundary observer is tth = tA + zA. This time is equal to tB since the
point B is located at z = 0 that determines the boundary.
Now if one chooses g = gm from (3.10) and solve (3.22), the green vertical
line in Fig. 2 (right) is obtained and its part above the indicator red line
is acceptable according to its interval in (3.10), t > z + 1/ω. In this case
the point C gives the time of the apparent horizon formation that from the
boundary observer point of view occurs at tD ≡ tth = tC + zC . According to
the numerical values that we have chosen, it is seen that tB < tD and so the
point A gives the earliest occasion.
15
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
z
t
tth=tA+zAH=0.931L
t=z+
1
Ω
A
B
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
z
t
z=const.
tth=tc+zcH=1.127L
t=z+
1
Ω
C
D
Figure 2: Location of the apparent horizon in z−t plane for g(x−) = gmωx− (left)
and g = gm (right). Earliest thermalization for the boundary observor occurs at
points A (left) and C (right). Black line is the light ray propagating toward
boundary.
Now we study thermalization time in the case of ukk 6= 0. For instance we
put ukk = 10 and by choosing g(x
−) from (3.10) we obtain left and right plots
in Fig. 3 respectively for g(x−) = gmωx− and g(x−) = gm. The magnified
part in Fig. 3 (left) shows the point of tangency of outgoing null vector
with t − z curve. Again the points B and D show the earliest times that
boundary observer reports horizon formation on D6-brane for each of the
choices of g(x−). According to selected numerical values it is seen that the
thermalization time measured at B is less than D and therefore the point A
gives the earliest delivery of information about horizon formation.
All the above discussion and diagrams of apparent horizon formation can
be restated in the presence of magnetic field.
4.2 The Effect of ukk and B on Thermalization Time
In this article we defined thermalization as a time-dependent confinment/
deconfinment transition, albeit in meson sector, which occurs due to a sud-
den change in baryon’s number. During this process dynamical degrees of
freedom change from mesons to quarks and gluons of thermal plasma. Our
goal is to study the effect of scale, ukk, and magnetic field, B, on transfor-
mation of mesons to quarks and gluons in plasma that is addressed in this
subsection.
In zero magnetic field for different ukk’s we obtain thermalization time
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Figure 3: Location of the apparent horizon in z − t plane for g(x−) = gmωx−
(left) and g = gm (right). ukk is set to 10. Earliest thermalization for the bound-
ary observor occurs at points A (left) and C (right). Black line is the light ray
propagating toward boundary.
according to the procedure of the previous subsection. Fig. 4 shows the
result and it is seen that thermalization time increases with ukk. Recall
that we introduced mesons as fluctuations of the field σ(ρ). According to
meson spectroscopy, mass spectrum of these mesons regardless of the mass
of constituent quarks is proportional to the energy scale of the theory [11]
M2meson ∼M2kk ∼
ukk
R3
. (4.1)
On the other hand, binding energy of mesons depends on the mass of the
meson [8]
EB ∼
√
λMmeson. (4.2)
Therefore with ukk increment, meson mass and accordingly its binding energy
increase. Since thermalization time is defined as the required time for mesons
to transform into quark/gluon thermal plasma, so binding energy increase
prolongs meson thermalization (Fig. 4). We have fitted solid blue curve
tukkth = 0.001 u
1.746
kk + 1.148,
to data points in Fig. 4.
In the next step for a fixed value of ukk (ukk = 10) we obtain thermaliza-
tion time for different values of the magnetic field. The result is shown by red
points in Fig. 5. As it is seen thermalization time increases with magnetic
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Figure 4: Thermalization time for t < z + 1/ω is plotted in terms of ukk. The
blue curve shows the fitted function, tukkth = 0.001 u
1.746
kk + 1.148.
field. The reason is the effect of magnetic field on the binding energy. Ac-
cording to [33] magnetic field affects massive mesons by making them more
bounded, and here we are faced with the same situation because according
to (4.1), σ mesons are massive due to the scale ukk. Another study [34]
shows that mass of the meson and therefore its binding energy increase with
magnetic field. So we can conclude that the presence of magnetic field in
a system with energy scale causes meson dissociation to occur later and in-
creases thermalization time. The blue curve in Fig. 5 is a quadratic function
of B which is fitted to data,
tBth = t
B=0
th (1 + 4.6× 10−4B + 2.6× 10−6B2).
This qualitative study demonstrates that dependence of tth on magnetic field
is insignificant as is pointed in [27].
5 Summary and Results
In this article, using AdS/CFT duality, we investigated meson thermalization
in QGP in the presence of magnetic field. We supposed that four dimensional
large-Nc QCD governs the strongly coupled QGP and we considered a system
of Nc D4-branes compactified on a circle as its gravitational dual theory.
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Figure 5: Thermalization time for t < z + 1/ω is plotted in terms of B(= 2piα′B)
for a specific value ukk = 10. The blue curve shows the fitted function, t
B
th =
tB=0th (1 + 4.6× 10−4B + 2.6× 10−6B2) where tB=0th = 1.3158.
Inverse of the compactification radius corresponds to energy scale in dual
gauge theory and the presence of this scale makes this theory more similar to
QCD. To have matter fields we introduced a flavor D6-brane to the system of
Nc D4-branes. Then we studied the effect of energy scale and magnetic field
on the shape of this flavor brane. As we expected, both quantities prompt a
repulsive force between flavor D6-brane and background D4-branes.
Since fluctuations on the flavor brane introduce mesons in the dual gauge
theory, to study meson thermalization we first obtained effective metric felt
by scalar fluctuations on the brane by expanding DBI action of flavor brane
around its classical shape. Then using time dependent components of this
metric we wrote the necessary condition for apparent horizon formation on
flavor brane which is dual to meson thermalization in dual gauge theory. We
considered baryon injection model to mimic the heavy ion collision. It means
that we defined baryon-number chemical potential according to a time depen-
dent profile. Using this we introduced the required condition for apparent
horizon formation and obtained meson thermalization time in the bound-
ary gauge theory. Finally we studied how the presence of energy scale and
magnetic field affect meson thermalization time.
We observed that meson thermalization time or in the other words re-
quired time for mesons to transform into quark and gluon degrees of freedom
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in plasma, increases with energy scale. The reason is that in such a theory,
mass of the meson increases when one raises the scale of energy, regardless
of the mass of its constituent quarks. This leads to the increase of mesons’
binding energy and therefore meson dissociation becomes harder and ther-
malization process is prolonged. In addition it was shown that in a fixed
energy scale meson thermalization time increases with the magnetic field
enhancement. This observation is also justifiable by meson binding energy
considerations. In fact it is confirmed in the literature that magnetic field
augments the binding energy of mesons and they become more stable. So
it is more difficult for them to transform into quark and gluon degrees of
freedom in thermal plasma and the thermalization time increases. Note that
the effect of magnetic field on thermalization time is not significant except
for strong magnetic fields.
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